In Xenopus, the Spemann organiser is defined as a dorsal territory in the early gastrula that initiates development of the embryonic axis. It has been shown that the early zygotic transcription factor Siamois is essential for Spemann's organiser formation. By the onset of gastrulation, the organiser is patterned into a vegetal head organiser, which induces anterior structures upon transplantation, and a more animal trunk organiser, which induces a posterior neuraxis. However, it is unclear when these distinct organiser domains are initially specified. To shed light on this question, we analysed the temporal activity of Siamois, as this factor induces both head and trunk development, when ectopically expressed via mRNA injection. In this study, we expressed Siamois ectopically at different time points and analysed the extent of axial development. Using a hormone-inducible version of Siamois, we found evidence for a tight window of competence during which ventral cells can respond to Siamois by commencing both the head and the trunk genetic programmes. The competence to form Spemann's organiser was lost 2 h before gastrulation, although partial axis formation could still occur following delayed activation of Siamois. We demonstrate that this late response to Siamois involves a new role for this gene, which can indirectly repress ventral gene expression, in the absence of known organiser genes. q
Introduction
In Xenopus, the Spemann organiser comprises a dorsal territory of the early gastrula that is necessary and sufficient to initiate development of the embryonic axis Harland and Gerhart, 1997; De Robertis et al., 2000) . The organiser is responsible for neural induction, dorsalisation of the mesoderm and differentiates itself into axial mesendoderm, including prechordal plate and notochord (Harland and Gerhart, 1997) . Work from several authors has indicated that, by the early gastrula stage, the organiser is patterned into head and trunk organisers, which exhibit different inducing activities and express different genetic programmes Bouwmeester and Leyns, 1997; Niehrs, 1999) . Our current understanding is that the anterior mesendodermal region of the embryo is required for the formation of rostral head territories and is therefore referred to as the head organiser. By contrast, the chordal mesoderm is referred to as the trunk organiser for its ability to induce a trunk, including a patterned posterior neuraxis, when transplanted ectopically. At the onset of gastrulation, the head organiser lies vegetal to the trunk organiser in the dorsal region of the embryo (Zoltewicz and Gerhart, 1997) .
The function of these organiser sub-domains is now fairly well understood, at least in molecular terms, based on gene expression profiles and activities. In particular, it has become clear that organiser cells emit a cocktail of secreted inhibitors able to change the fate of adjacent cells. The head organiser expresses secreted antagonists such as cerberus (anti-BMP/Wnt/Nodal), frzb1 (anti-Wnt) and dkk-1 (antiWnt) as well as transcription factors such as XHex, gsc and otx2. The trunk organiser expresses BMP (bone morphogenetic protein) inhibitors such as chordin, noggin and follistatin and transcription factors such as Xnot and Xbra (reviewed in Niehrs, 1999) . Interference with BMP signalling partially mimics the action of the trunk organiser, as it is sufficient to induce ectopic trunk made of muscle and neural tissues, in ventral territories. In contrast, joint inhibition of BMP and Wnt signalling in ventral territories mimics the action of the head organiser (Glinka et al., 1997) .
Despite these advances in understanding neural induction and regionalisation of the neural axis , little is known on the initial events leading to regionalisation within Spemann's organiser itself. In particular, the domains of expression of many genes described above overlap in mesendodermal territories at late blastula/early gastrula stages, soon after the organiser has formed, making the distinction between head and trunk inducing compartments difficult to assess. Proper evaluation of this question requires the analysis of the very first phase of organiser establishment, which is the aim of this study.
In Xenopus, the formation of Spemann's organiser depends on the transcriptional activity of maternal b-catenin in dorsal blastomeres of the blastula. It has been shown that the zygotic gene Siamois is a direct target of b-catenin (reviewed in Moon and Kimelman, 1998) , and is required for Spemann's organiser formation (Fan and Sokol, 1997; Kessler, 1997) . Siamois (Lemaire et al., 1995) and Twin (Laurent et al., 1997) code for highly related homoeoboxcontaining transcription factors with the ability to induce a complete secondary axis upon injection of their mRNA into ventral vegetal blastomeres. Siamois functions as a transcriptional activator (Kessler, 1997; Lemaire et al., 1998) and a fusion protein, enR-Sia, between the DNA binding domain of this factor and the repressor domain of Engrailed acts as a dominant interfering mutant (Fan and Sokol, 1997; Kessler, 1997; Darras et al., 1997) . The dorsal overexpression of enR-Sia causes a dramatic ventralisation of injected embryos, indicating that the function of Siamois/Twin is required for head and trunk development.
Siamois and Twin appear to be the only zygotic factors identified to date, which can reproducibly induce the development of both head and trunk aspects of the embryonic axis. It is thus tempting to imagine that they control the initial steps of organiser regionalisation. Although Siamois was initially reported to be only expressed in dorsal vegetal cells (Lemaire et al., 1995) , a more recent study indicated that Siamois transcripts are not restricted to the vegetal cells but can also be detected in marginal and animal cells, albeit at lower levels (Ding et al., 1998) . This widespread activation of Siamois may be important for the patterning of the embryo as Siamois activates different targets along the animal-vegetal axis. chordin and noggin are activated by Siamois in cells of animal origin, while cerberus is a target of Siamois in cells of vegetal origin (Carnac et al., 1996; Darras et al., 1997) . These studies suggest that animal expression of Siamois is involved in making the trunk organiser, while vegetal expression is involved in making the head organiser.
In addition to being expressed in a spatially broad dorsal domain, Siamois is also expressed during a relatively long period of time that extends from the mid-blastula transition (MBT) to the mid-gastrula stage (Lemaire et al., 1995) . It is so far not known as to what extent the timing of Siamois activation or maintenance is important for the function of the gene in axis formation. In this study, we have manipulated the timing of activation of Siamois to better understand the mode of action of this gene. We addressed two main questions: (i) how long can the embryo respond to Siamois and form Spemann's organiser? and (ii) is it possible to uncouple establishment of head and trunk organisers by activating Siamois at different time points? 2. Results 2.1. Siamois expression driven by the cytoskeletal (CSKA) promoter is not sufficient to promote anterior development To analyse the temporal requirement for Siamois activity in the embryo, we needed to over-express it during part of its normal phase of expression, which comprises blastula and gastrula stages (Lemaire et al., 1995) . As mRNA injection at cleavage stages leads to the accumulation of high levels of protein prior to the MBT, this strategy was not suitable for our purpose. Therefore, we have used alternative means to stimulate Siamois activity past the MBT. The first strategy consisted in expressing Siamois under the control of the ubiquitous actin cytoskeletal (CSKA) promoter, which is activated only after the MBT (Christian and Moon, 1993) . CSKA-Siamois plasmid DNA (100 pg/blastomere) was injected ventrally in four-cell embryos. Weak levels of ectopic Siamois transcripts were detected by stage 9 (late blastula), while expression was maximum by stage 10 (onset of gastrulation) (not shown). The injected embryos developed secondary axes (50%; n ¼ 54), which always lacked anterior features such as eyes and cement gland (Fig. 1C) . The injection of higher doses of Siamois DNA did not lead to more anterior development (not shown). The ectopic axes were made of neural and muscle tissues, while a short and thin notochord formed in 50% of the cases (Fig. 1D) . In comparison, injection of 40 pg Siamois mRNA induced complete secondary axes (Fig. 1A,B ) in nearly all embryos (97%; n ¼ 31).
As the organiser is responsible for inducing neural tissue, we analysed the ability of Siamois RNA and DNA to neuralise ectodermal explants. A previous study showed that Siamois RNA injection could promote, in a non-autonomous fashion, the formation of cement glands in naive ectoderm (Carnac et al., 1996) . This work also established that Siamois could induce the expression of the neural antigen N-CAM in the injected cells, although no neural tissue could be morphologically distinguished (Carnac et al., 1996) . The RNAse protection assay shown in Fig. 1E confirms these initial observations, as both cement gland (XCG1) and N-CAM positive tissues were induced by Siamois RNA. In contrast, injection of CSKA-Siamois DNA failed to cause neural induction. We note that, similar to the neural inducer noggin, Siamois activated only anterior markers such as XCG1 (Sive et al., 1989) and otx2 (Pannese et al., 1995; Blitz and Cho, 1995) , but not the midbrain/hindbrain boundary marker engrailed-2 (Hemmati-Brivanlou and Harland, 1989) or the spinal cord marker Hoxb9 (Sharpe, 1991) .
Taken together, these results suggest that anterior devel-opment proceeds only from early expression of Siamois. In contrast, our observations indicate that trunk development can occur following delayed Siamois expression. However, partial axis induction could also be due to mosaic expression of Siamois driven by DNA injection, or to insufficient levels of activity of the promoter used here.
Time-window of competence to respond to Siamois
To rule out the limitations described above, we constructed a hormone-inducible version of Siamois, in order to control the timing of action of the protein. Thus, a GR-Sia fusion was made, which contained the hormonebinding domain of the glucocorticoid receptor (GR) upstream of the open reading frame of Siamois ( Fig. 2A) . In the absence of hormone, the GR domain causes the sequestration of the fusion protein in the cytoplasm, while addition of the agonist dexamethasone (DEX) allows the fusion protein to be released and to enter the nucleus (Gammill and Sive, 1997; Tada et al., 1997; Melby et al., 1999) .
First, we injected ventrally four-cell embryos with 20-100 pg GR-Sia RNA and observed that the fusion protein could induce complete axis duplication upon addition of Embryos were injected ventrally with 50 pg/bl GR-Sia mRNA at the four-cell stage, and DEX (10 mM) was added at stage 6 (32-cell) or stage 9.25, and embryos allowed to develop to tadpoles (left). Note that induction of Siamois activity from stage 9.25 was not sufficient to allow for head formation. Hematoxylin-eosin staining on cross-sections revealed the formation of a full set of duplicated dorsal structures including a notochord in embryos treated with DEX at stage 6 (6/6), while embryos treated at stage 9.25 typically lacked a notochord in the secondary axis (11/12) (right). (C) Bar graph showing a compilation of three independent experiments where the activity of GR-Sia is represented as a function of time of addition of DEX. Duplicated axes were scored complete when they showed a cement gland and at least one eye. Note that head induction did not occur past stage 9 of the blastula, while trunk duplication was still pronounced 2-h later, at the onset of gastrulation (stage 10). n ¼ total number of injected embryos. , cross-sections were counterstained with hematoxylin/eosin. Note that embryos injected with CSKA-Siamois plasmid DNA did not develop a head (100% of negative cases) but occasionally developed a notochord (50% of positive cases). (E) RNAse protection analysis of animal explants injected with the indicated amount of RNAs or 100 pg/bl CSKA-Siamois plasmid DNA at the two-cell stage. Animal caps (20 per probe) were dissected at stage 9 and incubated up to stage 28. The absence of mesoderm in the explants was assessed by the lack of muscle actin specific signal. FGFR1 expression served as a loading control. Siamois RNA but not DNA induced the anterior markers XCG1 (cement gland) and otx2 (forebrain/ midbrain) as well as the neural cell adhesion marker N-CAM in a manner comparable to the neural inducer noggin (Nog). Siamois did not induce the en2 (midbrain/hindbrain boundary) and Hoxb9 (spinal cord) markers. (Fig. 2B ). We saw very little axis duplication in the absence of DEX, demonstrating the inducibility of the GR-Sia construct (Fig. 2C ). The optimal GR-Sia RNA dosage was found to be 100 pg/embryo, as higher doses dramatically impaired gastrulation, thus perturbing axial development. Next, we measured the percentage of secondary axes containing or not containing a head upon progressively later DEX treatment. As shown in Fig. 2C , it appeared that injected embryos could never develop secondary heads when DEX was added after stage 9 (2 h after MBT), suggesting that the competence of ventral tissues to respond to Siamois decreases at late blastula stages. However, partial secondary axes could still form with high frequency when DEX was added up to stage 10 (2 h after stage 9), when gastrulation begins, suggesting that Siamois can still impart some degree of dorsalisation to late blastula ventral tissues. Finally, the frequency of secondary axis formation was back to background levels by stage 11 (about 3 h after the onset of gastrulation). Thus, delayed action of Siamois following CSKA-Siamois plasmid injection or late activation of GR-Sia, both can cause trunk but not head development. It was somewhat surprising to us to observe such a short window of competence in the embryo to fully respond to Siamois, as expression of this gene is high between stages 9 and 10. Thus, we favour the idea that Siamois expression during late blastula stages could be required to maintain a dorsal programme initiated soon after the MBT. This hypothesis is supported by the fact that axis development is impaired when the enR-Sia chimera is expressed from late blastula stages, under the control of the zygotic ubiquitous cytomegalovirus promoter (not shown).
Expression of Siamois from late blastula stages does not induce organiser genes
We next wished to determine whether partial secondary axes induced by late activation of Siamois was the result of trunk organiser formation, in the absence of head organiser. Thus, four-cell embryos were injected ventrally with GR-Sia RNA, treated with DEX early (stage 92) or late (stage 9.5), harvested at stage 10.5 (3 h after late DEX addition), and analysed by in situ hybridisation for the expression of the following markers: dkk1 , frzb Wang et al., 1997) , gsc (Cho et al., 1991) and otx2 (Pannese et al., 1995; Blitz and Cho, 1995 , which are head organiser specific genes, Xnot2 (Gont et al., 1996) a notochord specific gene, and the BMP antagonist chordin (Sasai et al., 1994) , which constitute trunk organiser markers. When injected embryos were incubated in DEX 15 min before stage 9, all organiser genes examined were robustly induced on the ventral side of stage 10.5 gastrulae (Fig. 3) . In contrast, DEX treatment at stage 9.5 yielded weak or no induction of these same genes at stage 10.5 (Fig. 3) , despite the formation of partial secondary axes at later developmental stages (see Fig.  2C ). In particular, consistent with the lack of differentiated notochord in the duplicated axis of embryos treated with DEX at stage 9.25 (92%, n ¼ 12; Fig. 2B ), the notochord marker Xnot2 was never induced upon addition of DEX at stage 9.5 (Fig. 3 ). In the experiment described above, embryos treated with DEX at stage 9.5 were incubated 45 min less than the embryos treated at stage 92, as both types of embryos were harvested at the same time (stage 10.5). This difference could have interfered with accumulation of detectable levels of transcripts upon late DEX treatment. Thus, we also analysed gene expression in embryos treated with DEX at stage 9.5 and fixed at stage 11.5 (i.e. an additional 1.5 h incubation), and found that dorsal-specific genes were not induced in these conditions either (not shown). Taken together, these results indicate that, surprisingly, delayed Fig. 3 . Organiser gene expression in GR-Sia injected embryos induced at various stages. Embryos were injected ventrally with 50 pg/bl GR-Sia mRNA and 400 pg/bl LacZ RNA at the four-cell stage and DEX (10 mM) was either omitted (2DEX), or added 15 min before stage 9 (92), or at stage 9.5. b-Galactosidase activity was revealed in red, and embryos were then processed for in situ hybridisation. For dkk1 and frzb, embryos were manually bisected prior to hybridisation. In all panels, the natural dorsal side is right. For otx2, the animal view (otx2/an) reveals the extent of the anterior neural plate. All dorsal genes examined, belonging to head and trunk classes, were robustly induced when DEX was added at stage 92, while treatment at stage 9.5 provoked no or very weak induction. activation of Siamois is unable to initiate expression of any organiser genes tested, in spite of the induction of partial secondary axes. Thus, partial ectopic axes mediated by late activation of Siamois do not result from functional trunk organiser development.
Late expression of Siamois is sufficient to antagonise ventral gene expression
Although late blastula activation of Siamois was not sufficient for organiser formation, it could trigger partial axis formation at high rates. We wanted to explore the basis for these apparently paradoxical findings. As the dorsal programme was not induced by Siamois at late blastula stages, we asked whether the ventral programme was activated normally or not. Thus, we injected ventrally GR-Sia RNA at the four-cell stage and analysed the expression of the ventral-lateral genes XWnt8 (Christian et al., 1991) , and PV.1 (Ault et al., 1996) upon early (stage 92) and late (stage 9.5) DEX treatment (Fig. 4) . The second gene belongs to the Vent family of homeobox factors, and is a target of the ventralising BMP pathway (Ault et al., 1996) . Surprisingly, we found that expression of both markers at stage 10.5 was repressed upon early as well as late DEX treatment (Fig. 4) . However, we note that PV.1 expression was repressed in a large domain upon early DEX addition, which exceeded the injected region, whereas it was repressed only in injected cells upon late DEX addition. This difference was probably due to the ectopic expression of organiser genes coding for diffusible BMP antagonists in the first but not the second case (Fig. 3) . In contrast, no longdistance repression of XWnt8 was observed at either stage of DEX treatment (Fig. 4) . As Vent genes are required to antagonise axis formation (Onichtchouk et al., 1998; Melby et al., 1999) , we propose that activation of GR-Sia during late blastula stages stimulates ectopic axis development via the transcriptional repression of ventral genes, rather than via the activation of organiser factors. Consistent with this hypothesis, Siamois was previously shown to block the transcription of BMP4 in animal cells (Carnac et al., 1996) .
A question emerging from these data is how Siamois carries out its repressive influence on ventral genes. The gene goosecoid is a transcriptional target of Siamois/Twin (Laurent et al., 1997) , and functions as a repressor of BMP targets (Ferreiro et al., 1998) . This gene, however, is not activated by GR-Sia following late DEX addition, and thus cannot account for the observed repression of ventral genes. While Siamois has been mainly described to act as a transcriptional activator (Fan and Sokol, 1997; Kessler, 1997; Darras et al., 1997; Lemaire et al., 1998) , this major activity may mask its ability to repress some of its targets. We therefore addressed the possibility that Siamois itself could act as a transcriptional repressor upon ventral genes. Thus, we injected ventrally the repressive enR-Sia RNA and analysed the expression of Vent-1 (Gawantka et al., 1995) , Vent-2 (Onichtchouk et al., 1996) , PV-1 and XWnt8 at stage 10.5. We found that these genes were not repressed in such conditions. Consistent with this finding, ventral injection of enR-Sia RNA did not result in ectopic axis development (not shown). These results strongly suggest that Siamois indirectly represses ventral genes, via the activation of a yet unidentified transcriptional repressor.
Regulation of the competence to respond to Siamois
The data reported in previous sections suggest the existence of a short temporal window of competence of ventral cells to express dorsal genes in response to Siamois. An important question is how this competence is regulated. Two main hypotheses can be formulated: (i) the positive model implicates the existence of cofactor(s) of Siamois, of which temporal distribution is tightly regulated; and (ii) the negative model proposes that ventral specific factors progressively accumulate to levels sufficient to prevent activation of organiser genes in response to delayed activation of Siamois. We decided to test these hypotheses by evaluating the activity of two possible candidates, in combination with late activation of Siamois. The rationale for the assay being that a prolongation of the competence should increase the rate of complete axes induced by GR-Sia, when DEX is added at stage 9.5.
In order to test a candidate of the first model, we coinjected mRNAs for GR-Sia and an activated form of Alk4, a putative Nodal receptor, as this latter pathway also leads to axis formation, and seems to be regulated and to work independently of Siamois (Carnac et al., 1996; Agius et al., 2000) . The injection of activated Alk4 RNA (200 pg) alone induced only partial secondary axes (Fig. 5) . The coinjection of activated Alk4 and GR-Sia RNAs did not induce Fig. 4 . Delayed activation of Siamois leads to repression of ventral gene expression. Embryos were injected ventrally with 50 pg/bl GR-Sia mRNA and 400 pg/bl LacZ mRNA at the four-cell stage and DEX (10 mM) was either omitted (2DEX), or added 15 min before stage 9 (92), or at stage 9.5. b-Galactosidase activity was revealed in red, and embryos were then processed for in situ hybridisation. In all panels, dorsal is up. Note that the ventral genes PV.1 and Xwnt8 were repressed by GR-Sia activated at stage 92 or at stage 9.5. However, PV.1 expression was repressed several cell diameters away from the injected cells upon early DEX treatment (bracket), whereas it was found adjacent to the injected cells upon late DEX treatment.
any complete secondary axes when DEX was added at stage 9.5, similar to GR-Sia alone (Fig. 5) . Thus, if a cofactor of Siamois is the target of the competence regulation pathway, this factor is not a Nodal-related ligand for Alk4, or one of its targets.
To test a candidate of the second model, we co-injected mRNAs for GR-Sia and the truncated BMP receptor (tBR), in order to lower the level of activity of the ventralising BMP pathway in early blastulae, and added DEX at stage 9.5. The injection of tBR RNA (200 pg) alone induced only partial secondary axes (Fig. 5) . Co-injection of tBR and GR-Sia RNAs did not induce any complete secondary axes when DEX was added at stage 9.5 (Fig. 5) , suggesting that the BMP pathway is not involved in regulating the competence to respond to Siamois. This last result is consistent with the fact that BMP over-expression prevents the maintenance but not the initiation of organiser gene expression (Jones et al., 1996) .
In conclusion, the nature of the pathway regulating the temporal competence to form Spemann's organiser in response to Siamois remains to be determined.
Discussion
In this paper, we have used a combination of approaches to manipulate the timing of activation of the zygotic organiser factor Siamois, with the aim of understanding the temporal aspects of its mode of action. We demonstrate that Siamois concomitantly activates head and trunk specific effectors during early to mid-blastula stages. The presence of Siamois past these stages is not sufficient to activate organiser genes, thus revealing the existence of a short temporal window of competence of ventral territories to respond to Siamois. Finally, we found that Siamois remains active during late blastula and early gastrula stages, a period during which it may function by antagonising ventral cues in order to maintain the dorsal programme.
Two functions for Siamois
The formation of the organiser starts with the transcriptional activation of zygotic targets of the maternal b-catenin protein. Among these targets Siamois/Twin are essential players, which function as a relay of b-catenin to initiate a dorsal-specific genetic programme. Our study reveals that Siamois plays this role, via two distinct mechanisms, which may extend over different developmental periods. The first function of Siamois consists in activating organiser genes, and this aspect is under tight temporal regulation, as Siamois fails to induce these genes from the late blastula stages onwards. The second function of Siamois consists in repressing ventral gene expression, and this can still occur during the late blastula stages. Hence, the nature of the targets of Siamois varies with time. Earlier work showed that the nature of these targets varies also spatially, as chordin is activated by Siamois in animal cells, while cerberus is activated in vegetal cells (Darras et al., 1997) . The combination of spatial and temporal cues acting upon Siamois activity may help generate the fully functional organiser.
Siamois concomitantly activates head and trunk genetic programmes
One of the initial goals starting this study was to determine at what time points Siamois initiates the formation of the head and trunk inducing compartments of the organiser. Using a hormone-inducible form of Siamois, we could not temporally uncouple activation of head and trunk specific targets. Both types of effectors were activated by Siamois until stage 9 of the blastula, while neither type was induced past this stage. It should be noted that this proposed timewindow is approximate as we could not measure the time between addition of DEX and effective transcriptional activity of GR-Sia. In a similar study, however, Gammill and Sive (1997) reported that after addition of DEX, 1 h was sufficient to detect high levels of a direct transcriptional target of their GR fusion protein. Based on this indication, it is safe to propose that organiser formation requires activation of Siamois prior to the onset of gastrulation. Moreover, our data combined with previous work (Darras et al., 1997) suggest that the head and trunk organiser sub-domains are Fig. 5 . Early activation of the Alk4 pathway, or early blockage of the BMP pathway does not prolong competence to respond to Siamois. Embryos were injected ventrally as indicated with 50 pg/bl GR-Sia mRNA, 100 pg/bl activated Alk4 mRNA (Alk4*) and 100 pg/bl truncated BMP receptor RNA (tBR) at the four-cell stage. DEX (10 mM) was added as indicated. Complete secondary axes were induced at high rates by GR-Sia when DEX was added at stage 6 or 9, but not at stage 9.5. No complete secondary axes were induced when GR-Sia was activated at stage 9.5 in presence of either Alk4* or tBR, indicating that the competence to respond to Siamois was unchanged. Note that the rate of partial ectopic axes formed in these conditions is unchanged compared to the injection of GR-Sia alone.
not sequentially induced by Siamois, but rather are concomitantly induced in distinct cells.
The repressive function of Siamois
It is now well established that the organiser functions by limiting or blocking the ventral signals produced in ventrolateral tissues of the gastrula embryo . In theory, two mechanisms can be used to block ventral activities, transcriptional repression of ventral genes, and production of inhibitors of ventral signals. The latter is achieved via the synthesis in the organiser of secreted BMP and Wnt antagonists, which are the positive targets of Siamois protein present in the early blastula (Fig. 3) . When ectopically expressed, BMP and Wnt inhibitors are sufficient to promote the differentiation of dorsal tissues (Glinka et al., 1997) . At the molecular level, these inhibitors act by preventing the reception of BMP and Wnt proteins, thereby leading to the repression of ventral genes, the expression of which depends on active BMP and Wnt signalling.
Thus, it appears that under experimental conditions, extracellular inhibition of ventral signals is sufficient for dorsal differentiation. However, it is likely that in vivo, the amounts of inhibitors produced in the organiser are lower than the amounts obtained by RNA injection. Thus, production of inhibitors combined with transcriptional repression of ventral genes may be required to ensure complete absence of ventralising influences in the organiser. In favour of this idea, studies in zebrafish have suggested that transcriptional repression of ventral genes is necessary within the organiser, and involves the activity of bozozok, a direct target of bcatenin (Koos and Ho, 1998; Fekany-Lee et al., 2000; Melby et al., 2000; Kawahara et al., 2000) . bozozok functions as a transcriptional repressor and one of its direct targets is Bmp2 (Solnica-Krezel and Driever, 2001) . Thus, in the absence of bozozok, ventral genes such as Wnt8, Bmp2, and Vent-related genes are ectopically expressed at pre-gastrula stages in the presumptive organiser. Consequently, anterior as well as trunk development is impaired in mutant embryos, but is restored upon early over-expression of BMP and Wnt inhibitors (Fekany-Lee et al., 2000) . We show in this paper that in Xenopus too, a direct target of b-catenin, Siamois, can repress ventral gene expression, independently of the activation of typical organiser genes.
How does Siamois repress ventral gene expression?
There is a main difference between the repressive mode of action of Siamois and bozozok upon ventral genes. Siamois seems to act indirectly via the activation of a transcriptional repressor, whereas bozozok functions as a transcriptional repressor itself (Solnica-Krezel and Driever, 2001) . The nature of the factor activated by Siamois remains obscure, as we could not find evidence for late activation of the known dorsal effectors. Interestingly, injection of zebrafish bozozok into Xenopus embryos generate partial secondary axes similar to the ones induced by late activation of Siamois (Yamanaka et al., 1998) , suggesting that bozozok acts in this context by repressing ventral gene expression. However, it is unclear whether the factor induced by Siamois could be related to bozozok as no homologue of this gene has been described in Xenopus. More recently, another transcriptional repressor, FoxD5a, has been shown to induce partial ectopic axes and to be activated by Siamois in animal cells (Sullivan et al., 2001 ). It will be interesting to evaluate the possibility that this factor could function as a mediator of the repressive effect of Siamois.
Temporal restriction of the competence to form Spemann's organiser
Our study reveals the existence of a window of competence restricted to early blastula stages in order for the embryo to respond to Siamois and develop a fully functional organiser. However, the repressive function of Siamois does not appear to be temporally restricted, which suggests that the competence of ventral cells to express dorsal genes is actively regulated. The regulation of this competence might be normally required to avoid spreading of the organiser into domains destined to become ventral or lateral.
Our initial attempts to determine the nature of the pathway regulating the temporal competence have been unsuccessful. Thus, it remains to be seen whether this regulation involves positive or negative mechanisms, or a combination of both. Temporal restriction of competence has been observed for additional factors, including b-catenin itself (Darken and Wilson, 2001) . It was found that the competence of ventral tissues to respond to b-catenin was lost by the onset of gastrulation, similar to our own observations for Siamois. There also, the nature of the competence regulation pathway is unknown. In the case of b-catenin, the regulation of the competence operates at the level of the target promoters, such as the Siamois promoter itself. Thus, Siamois reporter constructs are not activated upon delayed activation of b-catenin, suggesting that the promoter could integrate negative inputs from the competence regulation pathway and cease to respond to b-catenin (Darken and Wilson, 2001 ). Our results suggest that the competence regulation pathway also acts negatively on the target promoters of Siamois. For instance, we show that the goosecoid gene, which is a direct target of Siamois/Twin (Laurent et al., 1997) , is not induced upon delayed activation of Siamois (Fig. 3) .
It is odd, however, that competence to respond to Siamois should be regulated if its own promoter is under the control of the temporal restriction system that regulates b-catenin activity. This could suggest that b-catenin and Siamois function cooperatively in some cells, and not only in a sequential fashion, as it is generally proposed (Moon and Kimelman, 1998) .
Our study underscores the importance of temporal regulation on the activity of regulatory proteins. Although this aspect is often neglected with respect to spatial regulation, recent progress made in designing efficient tools will likely help to understand the impact of time on pattern formation.
Materials and methods

Embryo injections and treatments
Embryos were fertilised in vitro, dejellied, cultivated and injected with synthetic capped mRNA as described in Darras et al. (1997) . They were staged according to Nieuwkoop and Faber (1994) . Capped mRNAs were synthesised using an Ambion Megascript kit. The mRNAs for Siamois and LacZ were prepared as described in Lemaire et al. (1995) . For sections, embryos were fixed in MEMFA (Hemmati-Brivanlou and Harland, 1989 ) for 2-3 h, dehydrated, embedded in 98/2 Paraplast (Oxford)/Bee wax and 10-mm sections were performed. The sections were counterstained with hematoxylin/eosin and mounted in Permount or Eukitt media.
Plasmid constructs
The CSKA-Siamois expression construct was built by inserting the full-length Siamois cDNA into the pCSKA vector (Christian and Moon, 1993) . To make the GR-Sia expression construct, the open reading frame of Siamois was polymerase chain reaction (PCR) amplified and inserted into the XbaI site of pCS21/GR, which was kindly provided by Jules Feledy and Thomas Sargent. The pCS21/ GR plasmid contains the region coding for the ligand-binding domain of the GR (aa 512-777), inserted into the BamHI and XhoI sites of pCS21. An artificial translation initiation codon was created, together with an optimal Kozak sequence, to allow for efficient translation of the GR domain. GR-Sia mRNA was prepared from plasmid DNA linearised with Asp718 and transcribed with Sp6 (Ambion, Austin, TX).
RNase protection assays
RNase protection assays were performed as previously described (Lemaire and Gurdon, 1994 ) using ten animal cap sandwiches per probe. Antisense RNA probes for the FGF receptor and Siamois were prepared as described in Lemaire et al. (1995) . The pXCG1 plasmid was described in Sive et al. (1989) , the XCG1 probe was prepared using T3 RNA polymerase from a template linearised with StyI. The N-CAM probe was prepared as described in Kintner and Melton (1987, linearised PvuII) . The otx2 probe was prepared as described in Pannese et al. (1995) . The engrailed-2 probe was prepared as described in HemmatiBrivanlou et al. (1991, linearised BglII) . The actin probe was prepared from the pSP21L clone as described in Mohun et al. (1984, linearised PvuII) . This probe protects a fragment of 295 bp corresponding to muscle specific actin and a triplet at 150 bp corresponding to the ubiquitous cytoskeletal actin. The Hoxb9 probe was prepared from a construct containing the EcoR1 internal fragment from the pG1S clone (Sharpe et al., 1987) , cloned into the pGEM2 vector. The probe was synthesised using T7 RNA polymerase from a Sma1 linearised template.
In situ hybridisation
Whole mount in situ hybridisations were carried out with digoxygenin (Roche, Mannheim, Germany) labelled probes as described in Darras et al. (1997) . Antisense riboprobes for otx2 (Pannese et al., 1995) , chordin (Sasai et al., 1994) , frzb (Wang et al., 1997) , Xnot2 (Gont et al., 1996) , dkk1 (Glinka et al., 1997) , gsc (Cho et al., 1991) , PV.1 (Ault et al., 1996) and XWnt8 (Christian et al., 1991) were prepared as described in the respective references. To allow for signal detection in deep cell layers, embryos were bisected along the dorsal-ventral axis with a sterile scalpel after 1.5 h fixation in MEMFA. They were further fixed for 1 h, dehydrated and submitted to subsequent steps of the hybridisation protocol.
